Introduction During the past three decades, improvements in the treatment of childhood leukemia have resulted in high cure rates, particularly for acute lymphoblastic leukemia (ALL). Unfortunately, successful therapy has come with a price, as significant morbidity can result from neurological affects which harm the brain and spinal cord. The expectation and hope is that chemotherapy, as a primary means of CNS therapy, will result in acceptable disease control with less CNS morbidity than has been observed with combinations of chemotherapy and radiotherapy over the past several decades.
Introduction
The efficacy of treatment for childhood leukemia has greatly improved over the last 30 years. In the early 1960s, cure rates for acute lymphoblastic leukemia (ALL) were between 5% and 10%. Today, cure rates of children with ALL approach 90% [1] , and for children with acute myelogenous leukemia (AML), 40-50% [2, 3] . In ALL, chemotherapeutic regimens target both systemic disease and so-called "sanctuary sites" that require specific therapies, most importantly the central nervous system (CNS). Modern diagnostic techniques improve our ability to categorize risk and estimate potential for relapse in children with leukemia, enabling clinicians to optimize and tailor therapy including that directed to the CNS. Evolution of successful CNS-directed therapy has played a major role contributing to cure in children with ALL. Additionally, through the careful study of leukemia and cancer survivors using sophisticated neuroimaging techniques, we have further stimulated risk-adapted therapeutic approaches that aim toward maximizing disease control while minimizing deleterious effects on the CNS. In a companion article, appearing in this issue of Neuroradiology, many of the advanced neuroimaging techniques used at our institution to evaluate the brain of children with leukemia are discussed. In this respect, despite the proven effectiveness of irradiation in treating subclinical and overt CNS disease, most current ALL protocols seek to minimize or eliminate the use of cranial or craniospinal irradiation in favor of systemic and intrathecal (IT) chemotherapy regimens which offer the potential for less acute and chronic neurotoxicity.
Many of the chronic neurological sequelae affecting children with leukemia treated with combination irradiation and chemotherapy are well documented in the literature and are mentioned only briefly in this report. Neuroendocrine and neurocognitive dysfunction are examples that negatively impact the quality of life of leukemia survivors. One purpose of this review is to focus on relatively small numbers of childhood leukemia patients and survivors who experience acute neurotoxicity around the time of diagnosis and during therapy. In patients who received cranial irradiation, secondary cancers within the irradiated field including brain tumor, parotid gland or thyroid carcinoma and skin cancer can develop many years after completion of therapy [4] . It is also important to appreciate that IT and high doses of systemic chemotherapy are not innocuous and can be associated with relatively acute, specific, recognizable, often serious neurological consequences. The true extent of the long-term adverse effects from systemic and IT chemotherapy on the CNS is largely unknown.
Neurological morbidity may result acutely from disease at diagnosis, from relapse of disease, or from agents used to eradicate disease as part of therapy. At diagnosis, for example, cranial nerve palsies may signal the presence of overt CNS leukemia, and focal aggregates of leukemia cells (chloromas) may grow from the bone marrow, through cortical bone, causing symptoms from mass effects on neural structures (more commonly in AML). Intracranial hemorrhage with focal neurological deficits or altered mental status may complicate presentations with very high white blood counts (hyperleukocytosis with thrombosis and leukostasis resulting in poor CNS perfusion). Rarely, hemorrhage can occur in the spinal canal (often in the setting of thrombocytopenia) when lumbar puncture is performed in the initial assessment of CNS status. Dural venous sinus thrombosis (DVST) may result from aberrations of hemostasis due to coagulopathy at diagnosis, but in our experience, DVST occurs more commonly during therapy, as a complication of chemotherapy (e.g., asparaginase and corticosteroids). Seizures may herald intracranial pathology such as posterior reversible encephalopathy syndrome (PRES) in children who become hypertensive most often during the induction phase of chemotherapy. In rare instances, IT methotrexate (MTX) is associated with acute neurotoxicity manifesting with "stroke-like" clinical symptoms, as discussed later in this review. Immunosuppressive effects of disease and therapy predispose to systemic and CNS infections.
This review includes a general discussion of childhood leukemia, followed by a brief summary of landmark achievements in serial, prospective pediatric ALL trials now resulting in high cure rates. Specific features related to CNS leukemia and the short-term toxicities, both diseaseand therapy-related, are outlined along with the specific neuroimaging findings. CNS findings in AML are also presented. Information gained from neuroimaging is often instrumental in identifying etiologies of adverse neurological conditions affecting children with leukemia and in providing information to oncologists allowing them to modify therapy to reduce morbidity. Neuroimaging findings related to acute and chronic sequelae may highlight therapeutic directions to reduce morbidity.
Clinical presentation of childhood leukemia
Leukemias account for 30% of all childhood malignancies and are the most common cancers diagnosed in children. ALL is diagnosed in approximately 3,000 children and AML in 500 children annually in the United States. Chronic myeloid leukemia (CML) is diagnosed in fewer than 100 children each year and chronic lymphocytic leukemia (CLL), while common in adults, is rarely diagnosed in children. Today, nearly all children with ALL are treated with systemic and IT therapy (for CNS disease control), while AML and CML are more recalcitrant to chemotherapy and frequently require bone marrow transplantation (BMT) to offer the greatest chance for cure.
ALL accounts for 80% of all leukemias in children and adolescents; the median age at diagnosis is 4 years, and most children are between 4 and 6 years of age at diagnosis.
Boys are more commonly affected than girls. Common presenting symptoms are fever, bleeding, and bone pain. Examination often shows petechiae or ecchymoses, lymph node enlargement, and hepatosplenomegaly. Extramedullary involvement of the CNS, testes, and kidneys may be found. Immature lymphoblasts are typically identified in the peripheral blood; WBC count may be low or high and, in 15-20% of children, higher than 50×10 9 /l. Bone marrow examination is performed to establish the diagnosis (and to later determine the subtype of leukemia) and lumbar puncture is performed at the time of initial diagnosis to determine if leukemia cells are present in the CSF (CNS leukemia).
AML accounts for 15% to 20% of new leukemias and presents throughout the pediatric age range. AML is slightly more frequent in infants and adolescents and has a high incidence in young children with Down's syndrome. Symptoms include pallor, fatigue, bleeding, and fever. Organomegaly is less common in AML; however, AML is more likely to present with chloromas which are often found in the head and neck region or near the spinal cord or brain in conjunction with acute neurological signs. Initial WBC counts in AML are typically less than 50×10 9 /l, but hyperleukocytosis (>100×10 9 /l) is present in about 20% of those with AML. Again, bone marrow examination is the diagnostic test used to establish the diagnosis and lumbar puncture is used to determine if there is CNS leukemia present at diagnosis.
Diagnosis and risk assessment of pediatric leukemia
Leukemias are systemic malignancies of dysregulated, clonal expansions of immature lymphoid or myeloid progenitor cells which are blocked at a particular stage of differentiation, with characteristic genotypes and phenotypes that can correlate, to various degrees, with clinical behavior. Morphology and cytochemical staining properties such as the presence of Auer rods, myeloperoxidasepositive cells, Sudan black B (myeloid pattern), and naphthyl butyrate esterase (myeloid pattern), suggest the diagnosis of AML. In our institution, ALL is subtyped by immunophenotyping with a panel of monoclonal antibodies using flow cytometry. T-cell leukemia is diagnosed by the presence of cytoplasmic CD3, and B-cell precursor by the presence of cytoplasmic CD79a. A further classification of each subtype (T-and B-cell precursor leukemias) has limited prognostic or therapeutic value.
In ALL, various criteria have been used to estimate risk and stratify therapy. At St. Jude Children's Research Hospital (SJCRH) genetic abnormalities of leukemic cells, CNS disease status, and treatment response to remission induction are major factors used to stratify therapy. Genetic features of leukemic cells used in stratification include t (9;22) translocation (Philadelphia chromosome, Ph) with BCR-ABL fusion, t(1;19) with E2A-PBX1 fusion, t(4;11) with MLL-AF4 fusion, t(12;21) with TEL-AML1 fusion, hyperdiploidy (>50 chromosomes), and hypodiploidy (<45 chromosomes).
Examination of the CSF at diagnosis following lumbar puncture to determine if leukemia cells are present in the CNS is an important factor in assigning CNS directed therapy in children with leukemia ( Fig. 1 ). Many children with leukemia cells in the CSF are asymptomatic, while advanced CNS disease may manifest clinically with irritability, headaches, and sometimes vomiting, seizures, or unusual weight gain. Patients with overt CNS leukemia may experience cranial nerve palsies (typically unilateral nerve VII palsy; less often nerves VI or III) [5] . Advanced CNS disease may present with papilledema and diffuse retinal disease. The international definition of overt CNS leukemia is the presence of a WBC count of 5/μl or more in the CSF with documented lymphoblasts and/or the presence of a cerebral mass or cranial nerve palsy. The current international classification system for CNS leukemia as proposed by investigators at SJCRH is presented in Table 1 [6]. Overt CNS leukemia (CNS3) is present in about 3% of children at diagnosis and as many as 15-20% of children have CNS2 status [6, 7] . With contemporary therapy, isolated CNS relapse of leukemia during therapy has been reduced to <5%. For example, the 5-year cumulative risk was only 1.2% (95% CI, 0-2.9%) in the St. Jude Total XIIIA study. Only 3 of 247 patients treated in Study XIIIB, with a median follow-up of 3 years, experienced isolated CNS relapse. Analysis of the bone marrow for minimal residual disease (MRD) after remission induction is used for risk assessment and for tailoring therapy after remission. Aspirated bone marrow tissue is assessed using flow cytometry or PCR to determine the amount of residual leukemia in the marrow. The presence of residual ALL disease in the marrow is increasingly recognized as a disease response associated with an unfavorable prognosis Similarly, the relapse risk of AML is assessed by leukemic cell genetic abnormalities, and the response to remission induction therapy.
Historical perspective of leukemia and therapy
During the early years of treatment decades ago, hematological responses were poor. As serial refinements in chemotherapy increased the length of hematological remissions, CNS relapse rates rose dramatically, creating new therapeutic challenges. Pathological findings suggested that leukemic infiltration of the dura and meninges was associated with cranial nerve palsies, that leukemia present deep in the perivascular spaces (Virchow-Robin spaces) of the brain parenchyma was associated with meningeal disease, and that leukemia identified in brain parenchyma was associated with disease in the perivascular spaces ( Fig. 2) [8] . Early attempts at IT chemotherapy provided some relief from hydrocephalus, but it did not eradicate CNS leukemia. Early attempts to alter this trend by intensifying systemic chemotherapy were not any more successful in improving outcomes.
Pinkel was the first to effectively control meningeal leukemia by combining cranial irradiation (20 to 24 Gy) with combination chemotherapy and giving both early during the treatment course. This approach resulted in 5-year relapse-free survival in approximately 50% of children with ALL [9] . From the 1960s through the early 1990s, investigators at SJCRH capitalized on the growing understanding that leukemia "control" was only possible when CNS disease was adequately treated with irradiation. Investigations eventually showed that cranial irradiation to 24 Gy in conjunction with IT MTX reduced the incidence of CNS relapse from over 65% to less than 10%.
Acute (myelosuppression and immunosuppression) and late (neurocognitive, neuroendocrine) adverse effects of cranial irradiation led to a series of clinical trials at SJCRH and in international cooperative groups to optimize CNSdirected therapy. Today, radiotherapy is generally reserved for only those children with a poor prognosis (based on risk stratification) or relapsed disease.
Current perspectives on ALL CNS and systemic therapy
Current therapeutic techniques for ALL, which largely omit irradiation, are associated with unique neurotoxic manifestations. Given the effectiveness of systemic ALL therapy which has evolved over many years, current long-lasting remissions, and overall survival in ALL is largely dependent on successful therapy of "sanctuary sites", most notably the CNS. Patients with standard-risk ALL can anticipate disease-free survival (DFS) rates greater than 90%, and those with high-risk ALL can anticipate 60% to 80% long-term survival.
ALL therapy includes four key phases of treatment with the intensity of each determined by risk stratification. These are remission induction, consolidation (or intensification), reinduction, and continuation. IT therapy is part of all phases of therapy. Approximately 5% to 8% of patients with very high risk ALL are treated with BMT.
Early intrathecal therapy At SJCRH, CNS therapy is initiated at diagnosis (immediately following diagnostic lumbar puncture) with age-appropriate dosing of IT cytarabine (Ara-C). This is in keeping with the concept of early intensification of IT therapy to rapidly control CNS leukemia. This approach also reduces the risk of traumatic lumbar puncture with repeated procedures. IT cytarabine achieves therapeutic CSF levels, but has no systemic effect. IT MTX or triple IT therapy (TIT) with MTX, cytarabine, and hydrocortisone can also be used at diagnosis. However, in the presence of renal insufficiency (which occurs occasionally at diagnosis) delayed MTX clearance can occur and lead to excessive toxicities. In these patients, a blood MTX level must be obtained and leucovorin rescue should be given as appropriate.
Remission induction The goal of induction therapy over 4 to 6 weeks is to reduce tumor burden and restore normal hematopoiesis. Remission induction is currently successful in 97% to 99% of children and includes use of prednisone, vincristine, daunorubicin, asparaginase and IT treatment, followed by cyclophosphamide plus cytarabine plus 6-mercaptopurine.
Triple IT therapy or IT MTX is administered during induction therapy and continued throughout consolidation or beyond. This risk-based, intensive IT therapy has shown success in earlier treatment protocols in treating and preventing CNS leukemia in most patients with ALL without the use of traditional radiotherapy.
Consolidation, continuation, and reinduction therapiesAfter induction therapy is completed successfully, consolidation (or intensification) therapy is given with high-dose systemic MTX (HD-MTX) (2.5-5 g/m 2 for low risk and 5 g/m 2 for standard and high risk groups). Daily oral 6-mercaptopurine (50 mg/m 2 ) is also used. Continuation therapy is prolonged and administered for 3 years for boys and 2.5 years for girls. Reinduction treatment is an integral component of most contemporary ALL trials and is used twice at weeks 7 and 17 after bone marrow examination confirms complete remission in the St. Jude Total XV protocol.
Treatment and prognostic factors in AML
Acute myeloid leukemias are classically categorized according to their cytomorphological characteristics. The more common cell types are myeloblastic and monoblastic; less common is megakaryoblastic type. Most patients with AML have identifiable cytogenetic abnormalities from which prognostic information can be inferred.
The mainstay of therapy for AML is induction with daunorubicin (or idarubicin) in conjunction with cytarabine and thioguanine [10] [11] [12] [13] . Postinduction therapies vary between intensified consolidation chemotherapy and allogeneic or autologous BMT. Emerging evidence suggests that autologous BMT does not improve outcome over chemotherapy, and allogeneic transplant is indicated only in patients with high-risk leukemia [12, 14] . Current treatment regimens result in a 5-year event-free survival of approximately 50% in children with AML. Those who have favorable cytogenetic features such as t(15;17), t(8;21), or inv(16) experience long-term event-free survival greater than 50% [10] [11] [12] [14] [15] [16] [17] [18] .
The presence of MRD after remission-induction chemotherapy in pediatric patients with AML is associated with a poor outcome [19] . The incidence of CNS leukemia at diagnosis of AML is almost equivalent to that seen in ALL. It is more common in patients younger than 2 years who have a high WBC count at diagnosis [20] . As stated above, systemic relapse of AML often occurs before CNS relapse and limits survival.
Impact of leukemia on the CNS at diagnosis
Similar to patients with ALL, CNS involvement in AML is often asymptomatic. However, some patients can present with chloromas, aggregates of leukemia cells. Chloromas can occur anywhere in the body, but because these focal tumors tend to occur in the head and neck and in the spine (usually from bone marrow), symptoms are usually attributed to mass effects on critical head and neck structures including the orbits and spinal cord [21] (Fig. 3) .
CT and MR imaging of the affected area usually reveal a cellular mass (dense on CT, intermediate T2 signal) which enhances [22, 23] . In both AML and ALL, prompt treatment with chemotherapy usually results in rapid lysis of the mass. Radiotherapy and/or surgical intervention are occasionally required to treat symptomatic patients. Longterm sequelae can occur, but prompt treatment of the tumor usually allows complete recovery of function. The sacral spinal canal is difficult to image and tumor in this small, confined location can produce impressive symptoms. Relatively small tumors in this location may cause a significant deficit in our experience (Fig. 4) . It is important to remember that chloromas may also be a manifestation of relapse in AML and ALL (Fig. 5) .
Leukostasis (stagnation of leukemia blasts in the microcirculation) is more common in AML than in ALL. Leukostasis can result in death from CNS or pulmonary hemorrhage when not recognized and treated quickly [24] . A syndrome of multiple small infarcts in the cerebral hemispheres has been observed in cancer patients as a manifestation of disseminated intravascular coagulation (DIC) [25] . /l, had CNS hemorrhage. In this group of patients, 16 patients had neurological complications and 12 had symptoms at diagnosis [26] . Serious complications of leukostasis are uncommon in children with ALL [27] . Symptoms of leukostasis reflect the pathophysiology of the process and may range from somnolence to stupor. Leukostasis typically occurs with hyperleukocytosis, but can occur when WBC counts are lower, reflecting ill-defined factors and interactions between disease, tissue, and endothelium. Hypoxia and thrombosis may ensue; the later may result in hemorrhage in the brain parenchyma (Fig. 6) . Imaging is indicated when focal neurological symptoms are suggestive of intracranial hemorrhage. Supportive therapy includes hydration, prevention of tumor lysis syndrome and DIC, and may ultimately require rapid leukocytoreduction with treatment options including induction chemotherapy, leukopheresis and exchange transfusions (in small children) (Fig. 7) . AT STJCRH, leukopheresis or exchange transfusion is performed in patients with ALL with WBC counts >400×10 9 /l and in patients with AML with WBC counts >100×10 9 /l. However, the value of these procedures has not been proven in a randomized trial.
Impact of leukemia therapy on the CNS

Second primary malignancies
The Childhood Cancer Survival Study Group, in a recently reported survey of more than 14,000 5-year survivors of Fig. 5 An 8-year-old male with a sphenoid bone chloroma near the lateral right orbit which appeared as an enhancing mass on axial T1-weighted contrastenhanced images. Six months later (right image) the patient had developed a chloroma with intracranial extension into the right cerebellopontine angle. He died shortly after this study from progressive disease including CNS relapse Fig. 6 A newborn with congenital ALL presented with seizures. The WBC count was 75×10 9 /l and the platelet count was 3×10 9 /l. CT (left) and MR (center T2-weighted, right T1-weighted) images were obtained 72 h apart. The parietal hemorrhages were thought to be secondary to a combination of hyperleukocytosis and thrombocytopenia. Fluid-fluid levels with a hematocrit effect are seen within the cystic hemorrhages in the T2-weighted image childhood cancer, found that the risk of CNS neoplasms as a second malignancy is significant and most prevalent in survivors who received therapeutic or prophylactic cranial irradiation for brain tumors or leukemia [28, 29] (Fig. 8) . CNS neoplasms were identified in 116 of the childhood cancer survivors. Survivors originally diagnosed with leukemia more often developed gliomas than meningiomas while the development of meningiomas was more common in patients who were first treated for CNS tumors. Only 4 of the 106 survivors (3.8%) who developed meningiomas or gliomas had not received radiation during treatment for their original cancer. The mean time from original cancer diagnosis to diagnosis for gliomas was 9 years, and that for meningiomas was 17 years. In the study of SJCRH, among 10-year event-free survivors of childhood ALL, 20% of irradiated patients developed secondary neoplasms [4] . The median time for malignant brain tumor to develop was 11 years from diagnosis and for meningioma was 21 years.
Acute MTX-induced neurotoxicity MTX is an antimetabolite chemotherapeutic agent which is given regularly in the treatment of ALL as both a systemic agent and as a component of IT therapy. Known acute toxic effects of MTX are myelosuppression, mucositis, nephrotoxicity, hepatotoxicity, and neurotoxicity. MTX is a folate analogue and inhibitor of dihydrofolate reductase, resulting in a block of the conversion of folate to tetrahydrofolate which inhibits cell replication. Homocysteine levels rise with MTX administration due to its effect in decreasing folate availability. MTX is capable of crossing the bloodbrain barrier. Nonetheless, this drug is given intrathecally to children with ALL to improve CNS control.
Beginning in the early 1990s and continuing into the early 2000s, several reports implicated MTX as the cause of acute stroke-like syndromes [1-4, 13, 25, 30-34] . In our and others' experience, patients typically present with focal neurological deficits such as hemiparesis, and aphasia is often present [27] . Rarely, IT therapy can result in paraplegia and neurogenic bladder (Fig. 9 ). This condition differs from the inflammatory polyradiculopathy induced by IT therapy by the lack of early contrast enhancement of nerve roots typical of this type of arachnoiditis [25, 35, 36] . While the exact mechanism by which MTX may induce these changes is unclear, some have hypothesized that it might be related to transient perfusion abnormalities and small-vessel vasculopathy, perhaps related to elevated CNS levels of homocysteine. In a small group of patients we recently reviewed with acute MTX toxicity, we were not able to detect differences in MTX pharmacokinetics between patients with or without acute encephalopathy.
MR imaging is critical in the evaluation of these patients. Typically it is diffusion-weighted (DW) imaging that secures the diagnosis. Our experience is the same as that of others: DW images tend to show bilateral areas of restricted diffusion in the cerebral white matter in areas that correspond with clinically observed neurological deficits, often without corresponding T2 prolongation, FLAIR abnormalities or enhancement on T1-weighted images (Fig. 10) . One atypical patient in our cohort, was a patient with ALL who had symptoms of choreoathetosis and left caudate head abnormalities (Fig. 10a) . Like others, we also have noted that follow-up imaging typically shows resolution of the diffusion abnormalities, and in a minority of patients, residual T2 or FLAIR signal changes, smaller than the abnormalities noted originally on DW images, may persist for long periods of time without detectable neurological deficits [30, 37] . The rapid reversibility of the lesions on DW images, without long-lasting clinical deficits in most patients suggests a transient restricted diffusion without irreversible cell death.
Our experience is similar to that reported by others. Symptoms usually resolve within a week and patients may resume MTX therapy after brief stoppages and resolution of clinical symptoms [30] . Upon reinitiating therapy careful attention is paid to providing adequate folate replacement after subsequent MTX administration and reducing the frequency of IT treatment when clinically feasible. The incidences of this complication in ALL therapy are reported to be 3-10%. We have concluded that, despite the very alarming symptoms and ominous imaging findings in this condition, there is not currently a medical therapy proven to ameliorate or hasten resolution of this condition, and it appears to be safe to resume therapy with caution after symptoms (and usually imaging changes) have resolved. Long-term neurocognitive sequelae, if any, remain unknown.
Vascular thromboses
While the pathophysiology, signs and symptoms of hyperleukocytosis and leukostasis occurring around the time of diagnosis are discussed above, it is clear that children with AML and those with ALL are at risk of thrombosis at diagnosis and during therapy related to aberrations in hemostasis related to disease and chemotherapy. It is well established that the combination of L-asparaginase and glucocorticoids creates prothrombotic conditions in patients treated for ALL. In our experience with leukemia, vascular thromboses are overwhelmingly more common in venous e Axial contrast-enhanced T1-weighted image of a 10-year-old male with primitive neuroectodermal tumor 6 years after cranial irradiation for ALL. f, g Coronal contrast-enhanced T1-weighted (f) and axial T2-weighted (g) images of a 20-year-old female treated with cranial irradiation for ALL 17 years earlier developed a meningioma near the left cavernous sinus. h Axial contrast-enhanced T1-weighted image of a 13-year-old female with dysembryoplastic neuroepithelial tumor (DNET) which developed 11 years after cranial irradiation therapy for ALL. This tumor later metastasized structures and most frequently involve the dural venous sinuses and cortical veins.
To understand the incidences and risk factors associated with thrombosis in children with ALL and thromboses, a large meta-analysis of prospective studies included in the literature was conducted and included 1,752 children with ALL with 49 thrombotic events occurring in the CNS (only 26 were clearly identified as venous in origin, and whether the others were arterial or venous in origin was not specified) [38] . CNS thrombosis and upper extremity thromboses were most common, with a similar incidence. That review suggested that induction phase therapy and asparaginase therapy (perhaps with prolonged lower dose administrations) were overall risk factors, but no definite conclusions could be drawn about the relative influences of various asparaginase preparations, the effects of steroids, or the effects of hereditary prothrombotic factors on the incidences in this population. However, it is undisputed that concomitant administration of steroids and asparaginase results in an increased risk of thrombosis.
In our experience, children who develop DVST typically present with severe headache and usually are receiving or have recently received asparaginase together with steroids. Mental status changes, seizures, and focal neurological deficits in the setting of thrombosis usually imply a more severe pathology such as hemorrhagic venous infarction.
Imaging of DVST and cortical vein thrombosis can be challenging, but is very important for diagnosis. Over the past many years, MR imaging has been the modality of choice for all neuroimaging in general and for the evaluation of arterial and venous thromboses in particular. We have found MR venography and conventional MR techniques more than adequate to detect cerebral vein thromboses (Fig. 11) and its complications such as venous infarction. At the same time, we have occasionally used CT venography to aid in the diagnosis. Fig. 9 MTX myelopathy. This 7-year-old female treated for ALL 2 years earlier, developed an isolated CNS relapse treated with cranial irradiation and five doses of IT MTX. She subsequently developed lower extremity paraparesis with urinary incontinence. Initial MR study of the spine was normal. a Sagittal T2-weighted noncontrast-enhanced image obtained after 2 weeks of persistent symptoms shows T2 hyperintensity along the dorsal aspect of the thoracic spinal cord (thick arrow). b-e Sagittal T2-weighted noncontrast-enhanced (b), sagittal T1-weighted contrast-enhanced (c), axial noncontrast-enhanced T2-weighted (d), and axial contrastenhanced T1-weighted (e) images after 6 weeks of persistent and stable paraparesis show an increasing T2 signal abnormality dorsally in the cord with involvement of the lateral columns with faint cord enhancement (thin arrows). At the time of this report the child was slowly recovering motor function in the lower extremities and had some improvement in bladder function
Because of the high quality of MR and CT imaging today, we prefer not to rely on the secondary sign of absence of venous sinus flow on MR venography to establish the diagnosis. Subtraction of axial T1-weighted images before and after contrast agent administration frequently allows us to visualize the filling defect in the venous sinuses and cortical veins in a manner similar to visualizing the empty delta sign on contrast-enhanced CT scans. We routinely use GRE T1-weighted imaging (2-D FLASH) imaging in the brain which tends to reduce ghosting artifact in the venous sinuses and tends to eliminate heterogeneous signal from the venous sinuses typically present on spin echo MR sequences. Isotropic GRE T1-weighted imaging (3-D MPRAGE) which improves resolution is useful to evaluate transverse sinuses when obtained in a sagittal plane, which is our practice. T2 * -weighted GRE images can be used to check for susceptibility changes of blood products suggesting thrombosis in venous sinuses and cortical veins (Fig. 12) .
CNS infections
Disease-and treatment-induced myelosuppression and immunosuppression place children with leukemia at high risk for infections that can affect the CNS. The severity and duration of neutropenia induced by chemotherapy is probably the main risk factor for infection, and fever is frequently the first indication of serious infection. In a recent review of 183 first episodes of febrile neutropenia in the setting of pediatric cancer therapy, 45 of the patients contrast agent administration produces a vascular image depicting the clot as a filling defect. d T2*-weighted GRE image shows blood products within the dural venous sinus. e, f Sagittal GRE T1-weighted MPRAGE images show the clot in the torcula (e) with resolution one week later (f) after treatment with low molecular weight heparin Fig. 11 A 19 -year-old male with a history of severe leukoencephalopathy was being followed with imaging. While asymptomatic, he was found to have cortical vein thrombosis. Imaging (left to right) using 2-D FLASH GRE T1-weighted imaging with subtraction of noncontrast-enhanced and contrast-enhanced T1-weighted sequences helps visualize an isolated cortical vein thrombosis in the patient receiving prednisone andL-asparaginase. FLAIR imaging without contrast enhancement also shows the thrombosis (24.6%) had ALL and 18 (9.8%) had either AML or myelodysplasia. CNS infections are relatively uncommon in our practice, probably related to aggressive antibiotic and antifungal prophylaxis and treatment. However, on rare occasions, bacterial meningitis, ventriculitis, or abscess develops within the brain (Fig. 13) .
Acute neurological complications (including infections) may affect those undergoing BMT. Conditioning regimens for allogeneic transplantation consist of myeloablative techniques which typically include high doses of chemotherapy, often cyclophosphamide and/or total body irradiation. HLA-matched sibling or unrelated-matched donor marrow is then infused into the recipient, and immunosuppressive drugs are given thereafter to inhibit graft rejection and reduce the incidence of graft-versus-host disease.
Among patients treated with hematopoietic stem cell transplantation, CNS infections can result from a variety of opportunistic organisms including bacteria, toxoplasmosis, cytomegalovirus, herpes, and fungal, and parasitic infections. MR imaging is the modality of choice for detecting CNS infections in transplant recipients (Fig. 14) .
Posterior reversible encephalopathy syndrome PRES is an acute neurological condition that can arise in association with a number of medical conditions, including renal disease, connective tissue disorders, hematological and oncological disease, and eclampsia. PRES is thought to be caused by an overwhelming of autoregulatory mechanisms which help maintain normal blood pressures in the brain. Cyclosporine is a drug associated with PRES. Although PRES occurs in children with cancer, its predisposing factors and clinical and radiographic features in this population have not been well described.
Previous work from SJCRH has described PRES in 11 patients (7 girls and 4 boys) whose average age at onset of PRES was 10.4 years (range 5-16 years) [39] . Primary diagnoses included AML (n=5), ALL (n=3), non-Hodgkin lymphoma (n=2), and Ewing sarcoma (n=1). The patients appeared to be most vulnerable to PRES during induction chemotherapy. All patients had prior exposure to chemotherapy, and seven patients (63.6%) were in the induction phase of leukemia treatment at the onset of PRES. Tacrolimus was given before the onset of seizures in only three of our patients. The onset of PRES was primarily heralded by seizure, which was often preceded by headache, mental status changes, aphasia, visual changes, or a combination thereof. The predisposing factors for PRES in the SJCRH study included hypertension (not necessarily acute) and cytotoxic or immunosuppressant drug therapy. The association of PRES with induction therapy is probably not coincidental as this is a phase of rapid tumor lysis which can impact the renal function and salt retention from prednisone treatment, resulting in hypertension. MR imaging is routinely used to evaluate these patients in our institution as it is the modality of choice to evaluate seizures and mental status changes. MR imaging findings in this patient population show typical posterior watershed region abnormalities. In some patients some anterior watershed vascular distributions were seen (Fig. 15) . To date, we have not seen any patient with PRES demonstrate restricted diffusion within, adjacent to, or distant to PRES lesions, despite prompt imaging following the onset of symptoms. Given the extensive abnormalities on T2-weighted, FLAIR, and occasionally on T1-weighted contrast-enhanced images (many lesions can enhance), the pathological process at play probably was present for a period of time prior to the development of seizure and other associated symptoms. None of our patients experienced a recurrent episode with continuation of planned therapy. Long-term sequelae of PRES did occur as 6 of 11 patients had chronic radiographic or clinical sequelae. Irreversible MR imaging abnormalities were evident on images from four patients: epilepsy developed in three patients, and at the time of this report another patient continued to have an abnormal EEG without further seizures. Interestingly, epilepsy developed in only one patient with a persistent MR imaging abnormality while in two patients with normalized MR imaging, focal epilepsy developed. This finding suggests a more permanent neurological insult that is not discernible by conventional imaging [39] .
Bone marrow transplantation in leukemia
High-risk or relapsed AML and ALL are the most common indications for BMT in children. BMT is typically considered for children who experience early ALL relapse (i.e., within 3 years of first remission), poor initial response to induction therapy (high MRD), or genetic signs of high-risk disease (e.g., Ph-positive with BCR-ABL fusion or MLL-AF4 fusion). In BMT, patients often receive "supralethal" doses of chemotherapeutic agents (e.g., cyclophosphamide and busulfan) or combinations of total body irradiation and high-dose chemotherapy with the intent of eliminating MRD and conditioning the patient to receive donor marrow by inducing immunosuppression. The neurological toxicities and consequences of BMT can be severe and are related to the toxicity of the agents (chemotherapy and irradiation) and to the severe myelosuppression and immunosuppression. Infections account for many acute neurological problems after BMT. The neurological consequences of graft-versus-host disease is not discussed in this review.
Conclusions
The use of radiotherapy to treat overt CNS leukemia and prevent relapse is certainly associated with chronic adverse effects to the CNS. It is very important for clinicians caring for survivors of childhood leukemia (and cancer) to be cognizant of the special medical needs of these patients. Secondary malignancies usually arise years after therapy, and these patients can present with acute neurological signs and symptoms. Most acute events occurring in ALL therapy today seem to be transient. This review focuses on many of the acute neurological conditions that occur in young children and adolescents who are undergoing therapy for leukemia. Despite the limited use of radiotherapy for CNS leukemia control today, neurological conditions associated with leukemia and therapy still are problematic. For those who suffer such acute neurotoxic effects, the long-term sequelae remain unknown. Continued detailed imaging and assessments of neuroendocrine and neurocognitive function of these patients are important to determine if current efforts to reduce morbidity have been realized. Through these effects we can continue to contribute to the design of safer and more effective treatment strategies.
Conflict of interest statement
We declare that we have no conflict of interest.
